Abstract. 1. Host discrimination by Aphidius rhopalosiphi (De Stefani Perez) (Hymenoptera: Braconidae) was ®rst studied on the grain aphid Sitobion avenae (Fabricius) (Homoptera: Aphididae). Females tended to avoid oviposition in hosts parasitised 3 h earlier. No evidence of host discrimination ability on freshly parasitised hosts was suggested, however, and ovipositional experience had no effect on host discrimination.
Introduction
The question of how to use a patch optimally is a classic problem in optimal foraging theory. In parasitoids, there is a direct link between the patch exploitation strategy and the rate of progeny production. Such a relationship suggests that patch departure rules have been promoted by natural selection in a way that optimises a function linked directly to reproductive success. A number of mechanistic models has been proposed that describe the departure of parasitoids from a patch. Among these different patch leaving mechanisms, the most well known is the model proposed by Waage (1979) , based on the moth parasitoid Venturia canescens (Gravenhorst) (Hymenoptera: Ichneumonidae). Waage's mechanism suggests that females enter a patch with an initial tendency to remain on it (this is determined by the concentration of kairomones, which is related to host density). This tendency is assumed to decrease with time down to a speci®c threshold, at which the patch is abandoned. Each oviposition adds an increment to the current level of motivation and thereby increases the patch residence time. According to this model, the time spent on a patch should be in¯uenced by host density. In some cases, however, each oviposition may decrease the tendency to Correspondence: A. Le Ralec, Ecole Nationale Supe Ârieure Agronomique de Rennes, Laboratoire d'Ecologie et Sciences Phytosanitaires, 65 rue de Saint-Brieuc, 35042 Rennes Cedex, France. E-mail: leralec@roazhon.inra.fr remain on a patch. Such a decremental effect, termed a countdown mechanism, has been described for Venturia canescens (Driessen et al., 1995) and in an aphid parasitoid Aphidius colemani (Viereck) (Hymenoptera: Braconidae) (van Steenis et al., 1996) . This mechanism converges to the ®xed number rule when hosts are distributed uniformly in the environment (Iwasa et al., 1981) . Finally, other authors have integrated in these mechanistic models the effect of encounters with parasitised hosts (van Lenteren, 1981; van Alphen & Vet, 1986; van Alphen, 1993; Hemerik et al., 1993) , suggesting that such encounters should have a decremental effect on patch residence time. The decremental effect associated with an encounter with parasitised hosts has been discussed by van Alphen (1993) and Wajnberg et al. (1999) .
In the models discussed above, it is assumed that environmental factors in¯uence patch residence time, but other factors may also affect the decision to leave a patch. Patch time allocation is not necessarily ®xed but may vary in response to the female's physiological state (e.g. Collins & Dixon, 1986; Rosenheim & Rosen, 1991) or genotype (e.g. Wajnberg et al., 1999) . In addition, the quest for factors inducing variability in foraging behaviour has focused largely on the effect of learning . Learning through experience may affect patch residence time (Papaj et al., 1994; Vet et al., 1995; Vos et al., 1998) . Some authors have suggested that learning is a powerful way to optimise behaviour in an unpredictable environment (e.g. Stephens, 1990) . Speci®cally, Houston (1980, 1985) suggested that patch leaving rules are determined by a Bayesian-like sampling procedure: a foraging animal may have an a priori evaluation of patch pro®tability that is re-adjusted a posteriori through information acquired during foraging. Hence, if a parasitoid female has imperfect knowledge of patch pro®tability, experience may be an ef®cient mechanism for the optimisation of patch leaving decisions. It is not always evident, however, whether experience increases or decreases the female's tendency to leave (Vos et al., 1998) .
Finally, another factor that may induce variability in patch residence time is the ability of a parasitoid female to discriminate between unparasitised and parasitised hosts. All the models described above were built for species that are assumed to discriminate their host perfectly and thus did not take into account the possibility of imperfect host discrimination. Rosenheim and Mangel (1994) introduced the problem of imperfect host discrimination in a model based on patch leaving rules. Indeed, an occasional lack in host discrimination ability was observed in a few species. During this occasional lack, the rate of superparasitism is assumed to be greater than in species with perfect host discrimination: a female may indeed re-encounter hosts that it has already parasitised and may lay an additional egg in these hosts. Rosenheim and Mangel (1994) demonstrated, with a dynamic state variable model based on the egg parasitoid Anagrus delicatus (Dozier) (Hymenoptera: Mymaridae), that, in such a case, the cost of self-superparasitism is suf®cient to promote early departure from incompletely exploited patches. Nevertheless, there is no experimental evidence to support this hypothesis.
The aim of the work reported here was to investigate the effect of host discrimination ability and previous experience on the patch exploitation strategy by the aphid parasitoid Aphidius rhopalosiphi (De Stefani Perez) (Hymenoptera: Braconidae) attacking patches of one of its hosts, the grain aphid Sitobion avenae (Fabricius) (Homoptera: Aphididae). Aphidius rhopalosiphi has an important role in regulating aphid populations on cereal crops in Europe (Krespi et al., 1994) . Because it has been reported that A. rhopalosiphi may not have the ability to discriminate between unparasitised and parasitised aphids (Gardner et al., 1984) , the host discrimination ability in A. rhopalosiphi was assessed ®rst. The effects of host discrimination ability on patch exploitation strategy and on egg distributions within hosts on patches of different qualities were then examined. Indeed, the possible lack of host discrimination in A. rhopalosiphi would make this Aphidiinae well adapted to test the patch leaving rules model of Rosenheim and Mangel (1994) . Finally, the effect of previous patch experience on the decision to parasitise a host and leave a patch was assessed. Even if host discrimination is imperfect, it is possible that the experience acquired in a previous patch might lead the female to behave in a more optimal way in subsequently visited patches.
Materials and methods

Insects
The strain of Aphidius rhopalosiphi (determined by P. Stary Â, Institute of Entomology, Ceske Budejovice, Czech Republic) was collected in June 1996 near Rennes, France and reared in the laboratory on a mixed-age colony of the grain aphid Sitobion avenae, feeding on winter wheat Triticum aestivum cv.`Arminda'. Hosts originated from one parthenogenetic female collected in 1990 in the same area. Colonies of both A. rhopalosiphi and S. avenae were reared in the laboratory under the following conditions: 20 T 1°C, 70 T 10% RH, LD 16:8 h. For the experiments, only third-instar nymphs of S. avenae were used as hosts. Parasitoid females were isolated from mummies and, after emergence, enclosed in plastic tubes (22 Q 1 cm) with moistened cotton, a diluted drop of honey, and one male for mating. Only mated 1±2-day-old females were used in experiments.
Host discrimination in Aphidius rhopalosiphi
Single parasitoid females were placed with 10 aphids in a 4-cm diameter Petri dish, which was considered to be a patch. Each host of the patch was placed alone on a piece of wheat leaf. To assess the ability of A. rhopalosiphi to discriminate between parasitised and unparasitised aphids, observations were made on parasitoids exposed to patches containing varying proportions of already parasitised hosts: 0, 50, or 100%. In patches containing 50% of hosts already parasitised, unparasitised aphids were distinguishable from parasitised aphids by the shape of the piece of leaf on which they were placed. Parasitised aphids used in the experiment had been attacked 3 h prior to the trial by a conspeci®c female. The behaviour of 10 inexperienced females (no ovipositional experience) and 10 experienced females (ovipositional experience) was compared on these different patches. Experienced females were individual wasps that had been placed on a leaf containing 10 unparasitised hosts for 1 h, 3 h prior to the trial. Only females that had oviposited at least once in hosts were used for the experiment.
The oviposition behaviour of each female was observed continuously for 1 h under a binocular microscope. Only one attack per aphid was allowed. A host was considered to have been attacked when the female had stung it then departed from it. Subsequent encounter with the attacked host was excluded. Attacked aphids were removed immediately and replaced with an aphid of the same initial status (healthy or parasitised) in order to keep the patch quality constant. Replacing an aphid took only 1±2 s and did not affect the parasitoid behaviour. All attacked aphids were caged individually on wheat. After 3 days, attacked aphids were dissected in a droplet of insect saline solution and the number of parasitoid larvae was counted. Analysis was based on the status of aphids that had been attacked and the presence or absence of parasitoid larva(e) within the hosts after attack.
In order to estimate the host discrimination ability in A. rhopalosiphi, a binomial non-parametric test (exact binomial test) was devised. The null hypothesis H 0 was that A. rhopalosiphi does not have the ability to discriminate between parasitised and unparasitised hosts. In the patch with 50% of the hosts already parasitised, females had to choose between parasitised and healthy aphids, both of which would have the same probability of being encountered. Under such conditions, let n j be the number of already parasitised aphids attacked by the jth female among M j , the total number of hosts attacked by the jth female. Under H 0 , the distribution of the probabilities of obtaining n j attacked parasitised aphids follows a binomial distribution B(M j ; P) with P = 0.5. In the present test, the jth female was considered to be able to recognise parasitised hosts if P(X`n j ) < a (with a = 0.05), where P(X`n j ) is the probability for the jth female of attacking fewer than n j already parasitised aphids. According to this test, m was the total number of females that was considered to be able to recognise parasitised hosts, among N, the total number of tested females. Under H 0 , m follows a binomial distribution B(N; a). The test consists of calculating P(Y b m), which represents the probability of obtaining a greater number of females considered as being able to recognise parasitised hosts over all tested females. If P(Y b m) < 0.05, H 0 is rejected and A. rhopalosiphi is considered to be able to discriminate between healthy and parasitised hosts.
Effects of host discrimination and experience on patch exploitation strategy
Experiments were carried out in a 9-cm diameter Petri dish placed in the centre of a 16-cm diameter glass box. A wheat leaf (8 cm long) infested with 12 aphids was placed in the Petri dish and considered to be a patch. To assess the effect of host discrimination on patch exploitation strategy, observations were carried out with patches containing various proportions of already parasitised hosts: 0, 33, 67, or 100%. Each was replicated 10 times and only females that had previous ovipositional experience were used. As for the ®rst experiment, already parasitised aphids had been attacked 3 h prior to the trial by a conspeci®c female. The initial status of the aphid was marked by amputation of the distal portion of one antenna (Mackauer, 1972) . This marking was alternated at each replicate between the two kinds of aphids throughout the experiment.
At the beginning of the experiment, a female was introduced into the Petri dish. The trial started when the female was on the leaf (i.e. on the patch) searching for hosts. The time duration of the following behaviours was recorded with an accuracy of 0.5 s: off the patch, on the patch, standing still, preening, and handling hosts. The total number of host encounters was also recorded. A host was considered to be encountered when the female stopped its searching activity after both location and contact with that host. During an encounter, the parasitoid displayed antennal tapping and/or stabbing behaviour. Piercing the skin of the encountered aphid with the ovipositor was interpreted as an attack. Any host encounter that did not lead to a stabbing behaviour was considered to be a so-called host antennal rejection, which was also recorded. The entire sequence, from the time to locate an aphid until resumption of searching, was considered as the handling time of that aphid. During patch exploitation, the hosts were not replaced (i.e. the patches may suffer a continuous depletion).
An experiment was terminated when the parasitoid left the patch either by¯ight or by walking from the Petri dish into the 16-cm diameter glass box. On some occasions, though, wasps walked a few millimetres off the patch before turning and resuming searching on the patch. Outside the patch, A. rhopalosiphi never probed or drummed. So, a complete patch visit consisted of a number of on-patch and off-patch bouts. The occurrence of short excursions outside the patch entails the problem of how to de®ne the end of a patch visit. An arbitrary criterion is then commonly used in studies of patch time allocation by parasitic wasps (Wajnberg et al., 1999) . In the present study, a trial was also stopped when the female was off the patch for more than 2 min. To check whether this arbitrary criterion had any artefactual effect on the results, all computations were also performed with a threshold value of 60 s and 30 s. Results led to the same conclusion qualitatively in all cases.
Total patch time was de®ned as the total time elapsed between entering the patch for the ®rst time and the moment the female left the patch. All excursions outside the patch were deducted. Total patch time includes both time for active search and time for non-searching behaviour such as standing still, preening, and handling hosts. After analysing the behavioural records, it appeared that time devoted to preening and standing still was < 4% of the total patch time. These behaviours were therefore neglected and search time was set as the total patch time minus the total handling time.
To assess the role of previous patch experience on patch exploitation behaviour, the female was removed immediately at the end of the trial, kept with no hosts for 3 h, then left to settle on a second patch of the same quality. The two successive trials are designated as series 1 and series 2. All behaviours recorded in series 1 were also recorded in series 2.
At the end of the experiment, females were dissected to check egg load because egg depletion could trigger patch departure (van Alphen & Galis, 1983) . These dissections indicated that there were still about 30 mature eggs in ovaries after departure from the second patch, so the effect of egg-load depletion was ignored. After 3 days, all aphids of each visited patch were dissected and the presence/absence and number of parasitic larvae were recorded.
For statistical analysis, data from all females were grouped within an experiment. Each recorded variable (total patch time, searching time, total number of encounters, number of antennal rejections, number of eggs laid) was tested against (1) two ®xed effects, i.e. patch quality and previous experience (series 1 vs. series 2) and their interaction, and (2) the random effect, i.e. the tested female. A correlation was found between the total number of encounters and the time females spent searching in the patch (Pearson correlation coef®cient = 0.48, P < 0.001, n = 80). Because this correlation coef®cient suggests Fig. 1 . Distribution of the number of parasitic larvae found inside once-attacked grain aphids for two groups of females of Aphidius rhopalosiphi (inexperienced and experienced females) on patches containing a different proportion of parasitised aphids: (a) 100% unparasitised aphids, (b) 100% parasitised aphids, (c) 50% unparasitised aphids + 50% parasitised aphids. The mean number of aphids attacked by individual parasitoids for each treatment is indicated by x Å T SE. All replicates were grouped for each treatment.
that the effects of both variables are not completely confounded, these were studied separately. Analysis was carried out by means of generalised linear models assuming either a gamma or a Poisson error according to the recorded variable and a link function (McCullagh & Nelder, 1989) , using the S-plus q statistical software (MathSoft, Cambridge, Massachusetts).
Results
Host discrimination in Aphidius rhopalosiphi
In patches with only unparasitised aphids (Fig. 1a) , 65±75% were found parasitised with one larva. For both inexperienced and experienced females, 15±20% of the attacked aphids contained no parasitoid larvae and » 11% of attacked aphids contained two parasitoid larvae. Hence, cases of superparasitism were observed although only one attack per host was allowed. Actually, observations revealed that a single attack could consist of multiple stabbing. Parasitoids tried to oviposit several times when the aphid attempted to defend itself or the female misjudged the angle or position of the host. Such attacks could probably result in successive ovipositions, leading to the observed self-superparasitism. No signi®cant difference between experienced and inexperienced females was found in the distributions of eggs over the initially unparasitised hosts (c 2 = 3.60, d.f. = 2, P = NS). In patches where females were offered only previously parasitised aphids (Fig. 1b) , » 50% of attacked aphids contained more than one parasitoid larva. This result, which supposes some cases of conspeci®c-superparasitism, was not affected by ovipositional experience (c 2 = 0.59, d.f. = 1, P = NS). Finally, in the patches with 50% of the hosts already attacked (Fig. 1c) , the distribution of eggs over healthy aphids was similar to the distribution of eggs over unparasitised aphids in the ®rst type of patches (Fig. 1a) .f. = 1, P = NS) aphids. In patches with 50% of hosts already parasitised, both inexperienced and experienced females attacked unparasitised aphids more than parasitised hosts (Fig. 1c) , suggesting that A. rhopalosiphi was able to recognise parasitised aphids. The binomial test described above was used to test this assumption. Highly signi®cant tests for inexperienced [P(Y b m) = 8.19 10 ±08 ] and experienced [P(Y b m) = 1.6 10 ±09 ] females were found, indicating that females were able to recognise aphids parasitised 3 h earlier.
In addition, ovipositional experience had no effect on host discrimination ability because no difference was found between experienced and inexperienced females in the number of previously parasitised aphids attacked (c 2 = 0.85, d.f. = 1, P = NS).
Effects of host discrimination and experience on patch exploitation strategy
The patch quality had a signi®cant effect on total patch time (Table 1) . On the ®rst patches visited (series 1), the total time spent on a patch decreased with increases in the proportion of previously parasitised aphids in that patch (Fig. 2a) . On patches with only healthy aphids, the total patch time was about 17 min and this was reduced by half on patches with only previously parasitised aphids. There was also a signi®cant effect of previous experience and of the interaction of patch quality Q previous experience on the total patch time on the second patch of the same quality. On average, females spent signi®cantly less time on the second patch (series 2) than on the ®rst patch (series 1). In low-quality patches, previous experience did not induce a reduction in patch time (Fig. 2a) . The patch quality and experience of the female also had a signi®cant effect on the time spent searching (Table 1) . More particularly, searching time decreased with decreasing patch quality, and females searched for less time in patches after a previous experience (Fig. 2b) .
The random effect (the tested female) had a signi®cant effect on the total number of encounters and the number of antennal rejections (Table 1) . These results accounted for the great variability between the tested females on these variables.
The two ®xed effects (previous experience and patch quality) and their interaction had a signi®cant in¯uence on the total number of host encounters. In series 1, this number decreased with the proportion of previously parasitised aphids in the patches (Fig. 2c) , however in series 2, the mean number of encounters did not seem to vary with patch quality. Finally, the number of antennal rejections displayed by A. rhopalosiphi females was also affected by female experience and patch quality. In the two series, results of this variable were similar to the results of the total number of encounters (Fig. 2d) . Furthermore, it should be noted that even when only unparasitised aphids were on a patch, females rejected many of them after antennation.
Dissection results showed that both patch quality and previous patch experience affected the mean number of eggs laid per female signi®cantly (Table 1) . In both series, the number of ovipositions decreased with an increase in the proportion of parasitised aphids in the patch (Fig. 2e) . Females laid fewer eggs on the second patches than on the ®rst patches. The distribution of larvae was studied among both unparasitised and previously parasitised aphids. Results for unparasitised aphids in series 1 and series 2 are given in Table 2 . In both series, the initially unparasitised aphids mostly contained zero or one parasitic larva. In the patches with only unparasitised aphids, 48 and 62% of them escaped from parasitism in series 1 and 2 respectively. Even if all hosts were encountered by parasitoids during the exploitation of a patch, only a few encounters resulted in oviposition. Thus, females rejected some healthy hosts and there was incomplete exploitation of these hosts. The percentage of hosts with no parasitic larva was not affected by patch quality (in series 1: c 2 = 5.706, d.f. = 2, P = NS; series 2: c 2 = 0.877, d.f. = 2, P = NS). In addition, some initially healthy hosts had large numbers of parasitic larvae (up to four) ( Table 2) . It was shown in the ®rst experiment that females can lay two eggs in an unparasitised host during a single attack. Such behaviour can explain only a part of the rate of self-superparasitism found here because some initially healthy aphids contained more than two parasitic larvae. Thus, the females accepted for oviposition some aphids freshly parasitised by themselves while they rejected other healthy hosts. This suggests that females laid their eggs randomly over initially unparasitised hosts. This assumption was checked using the c 2 statistics described by Shu-sheng et al. (1984) , testing whether observed values were distributed randomly (Table 2) . In all cases, the distribution of eggs over unparasitised aphids was not distinguishable from the null hypothesis of a random distribution. This suggests that A. rhopalosiphi lays its eggs randomly over initially unparasitised hosts, leading to a proportion of self-superparasitism predicted by the Poisson distribution. Finally, female experience had no effect on the number of ovipositions in initially healthy hosts Table 2 . Effects of previous experience (series 1 vs. series 2) and patch quality on the distribution of eggs over unparasitised hosts by Aphidius rhopalosiphi on patches containing the grain aphid Sitobion avenae as host. c 2 tests for random distributions (H 0 : females laid their eggs randomly among initially unparasitised hosts) (see Shu-sheng et al., 1984) . All replicates were grouped in each treatment. in each patch, as no difference was found between series 1 and series 2 (F 1,58 = 2.71, P = NS). The frequency distributions of larvae among previously parasitised aphids for both series are given in Table 3 . These results revealed that only a few eggs were laid in previously parasitised aphids. No signi®cant effect of presence of unparasitised aphids in the patch was found on the frequency distribution of eggs over the parasitised aphids (series 1: c 2 = 4.09, d.f. = 2, P = NS; series 2: c 2 = 0.51, d.f. = 2, P = NS), however there was a signi®cant effect of previous experience on the number of ovipositions in already parasitised hosts of each patch (F 1,58 = 6.71, P < 0.05). Experienced females laid fewer eggs in parasitised aphids than did inexperienced females.
Discussion
Host discrimination in Aphidius rhopalosiphi
These results show that when females have to choose between healthy hosts and aphids parasitised 3 h earlier, they tend to avoid laying eggs in previously parasitised hosts. Thus, A. rhopalosiphi may be able to recognise previously parasitised hosts. Some cases of superparasitism were observed, however, in particular when females faced only initially unparasitised hosts in the second experiment. A random distribution of eggs among initially healthy hosts was observed, indicating that females may accept freshly parasitised aphids. Two hypotheses may explain such self-superparasitism: either females are able to recognise freshly parasitised hosts but decide to superparasitise them anyway or such hosts simply cannot be discriminated. Supposing females decide to superparasitise hosts, this is related to the fact that self-superparasitism could be adaptive under certain conditions. Visser et al. (1992) showed with an evolutionarily stable strategy model that superparasitism is an adaptive strategy for a solitary parasitoid depleting a patch with a number of competing conspeci®cs. In the present study, females searched alone in patches (i.e. without direct competition with conspeci®cs) and under such a situation, self-superparasitism is always considered to be maladaptive (Visser et al., 1990) . Despite this, there were many cases of self-superparasitism whereas many healthy hosts were still available. Thus, in the present case, self-superparasitism might rather be related to a complete lack of host discrimination on freshly parasitised hosts, and such a hypothesis would imply a random distribution of eggs over initially healthy hosts. Consequently, because A. rhopalosiphi was able to recognise hosts parasitised 3 h earlier but not hosts just parasitised, host discrimination in this aphid parasitoid would appear to require a few hours to become effective.
This temporal pattern suggests that host discrimination in A. rhopalosiphi is based on a marking cue that can be detected only a few hours after parasitism. During this time interval, host discrimination would be ineffective. The relatively long time (a few hours) that must elapse before any evidence of discrimination suggests that parasitoid-injected or deposited substances are unlikely to be involved; however a few hours would probably be enough to induce changes in the aphid to become detectable. Various chemical changes are known to occur in the haemolymph of parasitised hosts (e.g. Pennachio et al., 1995; Bischof & Ortel, 1996) . It has been suggested that such chemical changes might provide the basis of host discrimination (Fisher & Ganesalingam, 1970; Vinson, 1976; Cloutier et al., 1984) .
Even if females are able to recognise hosts parasitised 3 h earlier, some initially parasitised aphids were still attacked. These levels of conspeci®c-superparasitism could be the result of either females' decision to superparasitise or imperfect host discrimination: 3 h would be enough for inducing chemical changes but these changes would not be strong enough to lead to perfect discrimination.
Does an ovipositional experience improve the ability to discriminate between unparasitised and parasitised hosts? Dynamic optimal diet models predict that parasitised hosts are more likely to be rejected than healthy hosts, and that inexperienced females are more likely to accept parasitised hosts than are experienced females (Colazza et al., 1996) . The results presented here are partially in agreement with these predictions. The parasitised hosts are less accepted than unparasitised hosts but ovipositional experience does not in¯uence host acceptance decisions. The fact that inexperienced females also rejected hosts parasitised 3 h earlier, suggests that learning was not involved in host discrimination.
Host discrimination and patch exploitation strategy
Total patch time and searching time decreased when the proportion of parasitised aphids increased on a patch of constant size. This result is probably related to the female's perception of the potential pro®tability of the patch. Therefore, the higher the expectation of A. rhopalosiphi encountering unparasitised hosts, the longer the time a female should invest in the patch. Conversely, if a female perceived that the probability of encountering unparasitised hosts is low, it would reduce the time spent on the patch and would move on and search for a better patch. These results are in agreement with other studies that have found an incremental effect of encounters with parasitised hosts on the tendency to leave (see Wajnberg et al., 1999 for a review). Host discrimination due to recognition of previously parasitised aphids may thus allow females to adjust their patch residence time in response to the level of pro®tability of the patch.
The effect of patch quality on patch residence time is a classical result, however dissections of hosts revealed an unusual ovipositional behaviour: even if all the initially healthy hosts were handled by females during patch depletion, only a few encounters resulted in parasitism. Several hypotheses could explain the partial resource exploitation by parasitoids (see Rosenheim & Mangel, 1994) ; the most wellknown is the marginal value theorem developed by Charnov (1976) . According to this model, each patch should be exploited optimally until the encounter rate with unparasitised aphids drops below a marginal value that is the mean rate of ®tness gain that can be achieved in all the available patches in the environment. Parasitoids should then leave before a patch is fully exploited. Thus, according to Charnov's theorem, the patch leaving decision is based on the encounter rate with healthy hosts and its estimate depends strongly on the ability of the female to discriminate between unparasitised hosts and hosts already parasitised. Such an ability was not found in A. rhopalosiphi so Charnov's theorem is unlikely to apply in the present case. In fact, imperfect host discrimination presents the problem to the wasp of decision-making with partial information. This partial lack of host discrimination is probably the main factor that explains the partial exploitation of unparasitised hosts in A. rhopalosiphi. Because encounters with hosts are likely to be random events and because females are probably unable to recognise freshly parasitised hosts, females may experience a risk of self-superparasitism. In such cases, in order to avoid self-superparasitism, an optimal strategy would be early patch departure after ovipositing in only a few unparasitised hosts (Rosenheim & Mangel, 1994) . The observed level of healthy aphid exploitation indicates that such a strategy could very well be adopted by A. rhopalosiphi.
Previous experience and patch exploitation strategy
Despite ovipositional experience having no effect on discrimination ability in A. rhopalosiphi, there is a question of whether experience on a previous patch affects subsequent patch exploitation strategy. Waage (1979) studied the effect of a patch visit by V. canescens on the residence time on a subsequent patch. When host densities of both patches were the same, the visit to the second patch was shorter. Waage (1979) supposed that this result might be caused by habituation to concentrations of speci®c kairomones. In the present study, the patch exploitation behaviour of two identical patches was compared. Results indicated that on high-quality patches, the same female spends less time on the second patch than on the ®rst patch, and the distribution of eggs over unparasitised aphids does not differ between the two patches. Such results suggest that females exploit the second patch in the same way in a shorter time. Hence, experience can apparently modify the female's original estimate of patch quality. Aphidius rhopalosiphi uses the information gained from past experiences with the same patch quality to reduce the time and energy invested in a patch quality estimate. Such a mechanism may be considered to be adaptive as it allows a time saving.
In low-quality patches, previous experience did not affect total patch time. Whatever their experience, females must always invest the same time for the recognition of a lowquality patch. In addition, a previous experience affects the egg distribution in already parasitised hosts. Females lay fewer eggs in these aphids on the second patch. Thus, a previous experience can be adaptive on low-quality patches because it decreases the wastage of eggs. Gardner et al. (1984) found that A. rhopalosiphi did not discriminate between unparasitised and freshly parasitised aphids. The present results are in partial agreement with these authors because a lack of host discrimination on freshly parasitised hosts was indeed found, but females were able to recognise hosts that were parasitised 3 h earlier. Thus, host discrimination was shown in A. rhopalosiphi but this capacity would probably need a few hours before being effective. Moreover, the present study revealed that A. rhopalosiphi exploits host patches incompletely. This has been demonstrated for a few other parasitoids (e.g. Cronin & Strong, 1993; Mackauer & Vo Èlkl, 1993) and several hypotheses have been proposed to explain the partial exploitation of patches. The experimental approach presented seems to support the model developed by Rosenheim and Mangel (1994) , which assumed that imperfect host discrimination could promote earlier patch leaving. In addition, females can save time and eggs by using their experience, because previous experience on a patch of the same quality induces lower patch time allocation and lower conspeci®c-superparasitism. Thus, even if host discrimination is imperfect, experience may lead the female to forage in a different, more optimal way. These results suggest new experiments to investigate the role of experience in more realistic environments in which patches of different quality would be offered to the females. Finally, such an approach could be applicable to the selection of natural enemies for biological control programmes. Parasitoids that demonstrate incomplete exploitation of host patches as an optimal strategy would probably be less ef®cient control agents than other species.
